Abstract. Rate of change of TEC (ROT) and its index (ROTI) are considered a good proxy to characterize the occurrence of ionospheric plasma irregularities like those observed after sunset at low latitudes. SBASs (satellite-based augmentation systems) are civil aviation systems that provide wide-area or regional improvement to single-frequency satellite navigation using GNSS (Global Navigation Satellite System) constellations. Plasma irregularities in the path of the GNSS signal after sunset cause severe phase fluctuations and loss of locks of the signals in GNSS receiver at low-latitude regions. ROTI is used in this paper to characterize plasma density ionospheric irregularities in central-western Africa under nominal and disturbed conditions and identified some days of irregularity inhibition. A specific low-latitude algorithm is used to emulate potential possible SBAS message using real GNSS data in the western African low-latitude region. The performance of a possible SBAS operation in the region under different ionospheric conditions is analysed. These conditions include effects of geomagnetic disturbed periods when SBAS performance appears to be enhanced due to ionospheric irregularity inhibition. The results of this paper could contribute to a feasibility assessment of a European Geostationary Navigation Overlay System-based SBAS in the sub-Saharan African region.
Introduction
Ionosphere and its variability have a measurable impact on L-band radio frequencies in which GNSS and its augmentation system (satellite-based augmentation system -SBAS) belong. Strong ionospheric gradient and plasma irregularities, regularly observed after sunset in equatorial ionization anomaly (EIA) regions, are a treat to the accuracy and availability of the SBAS in the regions. Plasma irregularities in the path of the GNSS signals after sunset could cause severe amplitude and phase fluctuations, and in some cases loss of locks of the GNSS signals at the receivers' ends. This potential effect could increase the dilution of precision, i.e affect user-GNSS geometry, and thereby reduces the number of GNSS satellites that could monitor the IGP (ionospheric grid point), and consequentially degrades the SBAS optimum performance. The ionospheric plasma irregularities manifest themselves in many ways: patches, bite-outs, equatorial plasma bubbles (EPBs), equatorial spread F (ESF), scintillation, plume, depletions of plasma density (Handerson et al., 2005) , depending on the instrument used -such as radars, ionosondes, airglows, and satellites probes (rockets, GNSS, and so on). The effect on each instrument depends on the scale size of the irregularities. Perkins (1975) described ionospheric irregularities as small-scale structures in the equatorial ionosphere, which is generally oriented to rapid plasma density fluctuation across the geomagnetic field. All the frequencies bands in the range of high frequency, very high frequency, ultra high frequency and low frequency suffer the effect of ionospheric irregularities, and the intensity of the effect decreases with the increase in frequency. It is criti-cal in the low-latitude and the equatorial ionization anomaly region and in high latitudes and not serious in middle latitudes. Many scientists (Chandran and Rastogi, 1972; Fejer and Kelley, 1980; Fejer et al., 1999; Lee et al., 2005; Huang et al., 2002; Manju et al., 2007; Nava et al. 2015) have associated plasma irregularities with solar and geomagnetic activities, seasons, and geographic locations. As an example, the threshold drift velocity for the generation of strong early night irregularities increases linearly with solar flux (Fejer et al., 1999) . Plasma density irregularities after sunset, and sometimes to post-midnight, can be responsible for significant disruption to radio communication and navigation systems (Stoneback and Heelis, 2014) .
Before the successful implementation of the American regional SBAS known as Wide Area Augmentation System (WAAS), Japan MTSAT Satellite Augmentation System (MSAS), European Geostationary Navigation Overlay System (EGNOS), and Indian GPS Aided GEO Augmented Navigation (GAGAN) system, a lot of preliminary ionospheric studies were done in selecting a suitable ionospheric correction algorithm. The ionospheric correction algorithm of the first two SBASs (WAAS and EGNOS) is based on a single-shell layer approach, while the GAGAN ionospheric algorithm uses a multi-shell layer approach. The reason is that a large percentage of landmass of the Indian subcontinent falls on the crest of the equatorial ionization anomaly (EIA) region (Sarma et al., 2006 . The multi-shell layer algorithm caters to the effect of the strong ionospheric vertical drift and strong ionospheric gradients, a common feature of the crest of EIA (Suryanarayana Rao, 2007) .
Although much research on the occurrences of equatorial ionospheric plasma irregularities in affecting SBAS performances has been done extensively in the American and Asian sectors, including the Indian subcontinent (2000; Rama Rao et al., 2006; Walter et al., 2007; Pandya et al. 2007; Sparks et al., 2011; Seo et al., 2011; Sunda et al., 2013) , a welldefined study on the occurrences of plasma irregularities and its effect on SBAS performance in the low-latitude African sector, where the ionosphere is more turbulent compared to the Indian subcontinent, is still lacking. The reason could be because to date there is no operational SBAS in the region and the GNSS ground observations are limited in a way.
This study presents the analysis of the impact of ionospheric plasma irregularities on the performance of a possible SBAS in the western African low-latitude region using experimental data obtained from the region. Furthermore, a detail study was carried out to investigate the period of strong occurrences of ionospheric plasma irregularities during two well-known equinoctial periods and the transition months to equinoctial periods (February and August) as well as transition periods from equinoctial months (May and November). The study uses an SBAS simulator containing a specific single-shell-layer ionospheric correction algorithm. In this study, rate of change of TEC index (ROTI) is use to characterize the occurrence of the ionospheric plasma irregularities. Details of the SBAS simulator and the ROTI procedures are expressed in Sect. 2.
Data source and analysis
In order to evaluate the effect ionospheric plasma irregularities in the western African equatorial region on SBAS performance, the 30 s intervals of ground-based GNSS data from the IGS (International GNSS Services) network and other publicly available networks (AFREF, NIGNET, SONEL) of the stations over the region are used. The characteristic months of the equinoctial seasons and the transition months to equinoctial periods (February and August) and from equinoctial periods (May and November) of year 2013 as shown in Table 1 are considered. These periods are known to have a high occurrence of ionospheric plasma variability in western Africa Zoundi et al., 2012; Abe et al., 2013) . The spatial distribution of the GNSS ground-based receiver stations used with respect to the magnetic equator is given in Fig. 1 . ROTI (rate of change of TEC index) is estimated over these stations in order to measure the intensity of plasma irregularities encountered by the GNSS signals passing through the region (Eqs. 1 and 2). To avoid multipath and some errors associated with tropospheric influences, satellites whose elevation mask angle is ≥ 30 • are considered in the ROTI estimate. ROTI has been established to be a proxy for ionospheric irregularities (Pi et al., 1997; Jiyun et al., 2006; Basu et al., 1999) . Pi et al. (1997) defined ROTI as a GPS-based index that characterizes the severity of the fluctuations and detects the presence of ionospheric irregularities and irregular structure of the TEC spatial gradient. The ionospheric plasma irregularity-inhibited days are obtained following the Nishioka et al. (2008) proposal. Ionospheric plasma irregularities are assumed inhibited when the difference between nighttime (18:00-24:00 LT) ROTI and daytime (06:00-18:00 LT) ROTI (Eq. 3) is less than or equal to 0.075 TECu min −1 ; 0.075 TECu min −1 is considered the threshold for the occurrences of ionospheric irregularities being the statistical daytime mean noise of ROTI obtained over the region. The details of the inhibited days are given in Table 1, including the geomagnetic activity index characterizing each day. The inhibited days are categorized into two geomagnetic conditions using Ap index: geomagnetically quiet and disturbed conditions. Quiet conditions are when the daily average of Ap ≥ 15 nT, and disturbed conditions are when the daily average of Ap ≥ 15 nT. The critical period in terms of presence of ionospheric plasma irregularities is equinoctial months (Abdu et al., 1981; Tsunoda, 1985) and some months that are before or after the equinoctial months.
To illustrate the effect of the ionospheric plasma irregularities on SBAS performance in central-western African equatorial and low-latitude region, the 30 s interval data rates are interpolated to 1 s intervals, the SBAS data format, us- ing the Lagrange interpolation method and processed with a specific algorithm of magicSBAS platform. The Lagrange interpolation is a polynomials-based interpolation technique that gives non-monotonous outputs. Details can be obtained in Jeffreys and Jeffreys (1988) . magicSBAS is a state-ofthe-art, multi-constellation, operational SBAS test bed developed by GMV. It implements real wide-area correction algorithms, and the SBAS augmentation message produced by magicSBAS is compliant with SBAS international standards such as RTCA/DO-229D and International Civil Aviation Organization (ICAO) Standard And Recommended Practices (SARPs) (Cezón et al., 2014) . It is important to stress that specific version of magicSBAS algorithm optimizes the SBAS performance in low latitudes. Details of magicSBAS can be obtained from Cezón et al. (2014) . An availability map of operational approach with vertical guidance and first level of service (APV-I) (one of the outputs of magicSBAS) is defined as the percentage of epochs in which the protection level is below alert limits. For this, the APV-I service horizontal protection level (HPL) is < 40 m and vertical protection level (VPL) is < 50 m over the total period of the epoch (ICAO, 2001) . Quality of service (QoS), user differential range error indicator (UDREi), open service geometry availability map for signal in space, and a positional dilution of precision are considered in evaluating the SBAS performance. However, more focus was on QoS, which is the combined arithmetic average of SBAS horizontal and vertical protection levels within the service area, and it is estimated at every epoch in metres. Moreover, the parameter guarantees the safety of the SBAS user at any point in time for critical applications. To follow the aim of the study, mean of nighttime (18-24 h) SBAS QoS is used.
A statistical analysis was done to understand the level of interrelationship between plasma irregularities and QoS, as 
where i is the visible satellite and k is the time of epoch, TEC is the total electron content, ROT is the rate of change of TEC and ROTI is the change of change of TEC index (5 min standard deviation of ROT at a sampling interval of 30 s).
Results and discussion
Figure 2 presents the correspondence of ionospheric plasma irregularities (as measured by ROTI) with SBAS QoS obtained in central-western African low-latitude and equatorial region for the months of January and April 2013. The month of January represents December solstitial season, while April represents March equinoctial season. The figure shows that occurrences of ionospheric plasma irregularities are very low throughout the month of January, which translates to good performance in SBAS as expressed by the value of QoS being less than 10 m throughout the month. However, a contrary incident was recorded during the month of April; the ionospheric plasma irregularities are very strong except day 16. The month of April is an equinoctial month in which the magnetic meridian is closely aligned with the solar terminator (Abdu et al., 1981; Tsunoda, 1985; Bhattacharya et al., 2010; Tanna et al., 2013) . Lowering/inhibition of ionospheric plasma irregularities is unique and of great interest. Therefore the performance of the SBAS simulated over the central-western African low-latitude region as indicated by Figure 3 illustrates the correspondence of ionospheric plasma irregularities with the SBAS QoS performance indicator for the months of June (a characteristic month for June solstice) and October (a characteristic month of September equinox) 2013. It could be observed from the figure that the level of ionospheric plasma irregularities during the month of June is very low compared with October except 14 and 30 October. Days 14 and 30 October show another case of absence/lowering of ionospheric plasma irregularities like 16 April, which correspond to the low value of SBAS QoS (performance indicator) obtained in the centralwestern African low-latitude and equatorial region during equinoctial season. It worth noting also that these days in the month of October fall into the period of geomagnetically disturbed/unsettled conditions with the geomagnetic Ap index of 18.1 and 13.0 nT respectively. The SBAS performance shown through the QoS for these days is 5.12 and 5.50 m respectively. This indicates the lowest value of QoS for the month of October and shows a good performance of SBAS. The QoS values obtained during the lowered/inhibited plasma irregularities clearly show that suppression/inhibition of plasma irregularities favours spacebased navigation users like SBAS. This confirms the work of others (e.g Klobuchar et al., 2002; Huang et al., 2002; Bandyoadhayay et al., 1997; de Paula et al., 2007) , who have seen significant contributions of ionospheric irregularities on navigation and communication and surveillance systems.
To concretize the effect of plasma irregularities on SBAS performance in the central-western African low-latitude region, the daily APV-1 availability map, user differential range error indicator ( the days when the post-sunset plasma irregularities are inhibited or reduced. The service level reaches 99.9 % of the time availability in a wider coverage service area. However, during the presence of ionospheric plasma irregularities, the level of service of APV-1 could not exceed 50.0 % of the time availability in a very small service area. The inhibition effect is quite visible on the SBAS performance with low QoS below 10 m. This indicates good performance of the SBAS during the irregularity-inhibited periods. In addition, Fig. 6 and Table 1 present the summary of the plasma irregularity-inhibited/reduced days for the period of strong occurrences of plasma ionospheric irregularities during two well-known equinoctial periods and the transition months to equinoctial periods (February and August), as well as transition periods from equinoctial months (May and November) of the year 2013, with their correspondence SBAS QoS over the region considered. It is clearly seen from the figure that seasons affect plasma ionospheric inhibition. Out of the 15 cases of plasma irregularity inhibition considered in this study, 5 cases are observed in March equinoctial season: 4 of them occurred during the disturbed conditions and only 1 case occurred during quiet conditions. However, during the June solstice, the number of cases recorded for ionospheric plasma inhibition is four, and all of them occurred during quiet conditions. In September equinoctial season, two cases were considered inhibited: one in quiet conditions and the other during the disturbed conditions. However during December solstice, four cases were observed as well: three during the quiet conditions and one in disturbed conditions. From the results, it is quite evident that ionospheric plasma irregularities are inhibited more in disturbed conditions than in quiet conditions during the equinoctial seasons. However, in solstitial seasons, ionospheric plasma irregularities are inhibited more during the quiet conditions.
In the same vein, Fig. 7 illustrates the statistical analysis showing the interrelationship between ionospheric plasma irregularities as indicated by ROTI and the SBAS performance between the ionospheric plasma irregularities and SBAS performance. Also the coefficient of determination (R 2 , 62.5 %) signifies that 62.5 % of the SBAS performance degradation during the nighttime could be directly accounted for by ionospheric plasma irregularities. At the same time, Fig. 8 shows the correlation analysis between the ROTI and QoS for the whole year (1 January-31 December) of 2013. When combing the period of strong ionospheric irregularities to the period of low ionospheric irregularities, the value of R for the period of strong ionospheric irregularities decreases to 75 %, while the R 2 decreases to 56.2 %. Including the period of low values of ROTI, Fig. 8 gives the correlation analysis of the ionospheric plasma irregularities and the SBAS performance indicator for the year 2013. These results confirm the ionospheric plasma irregularity occurrence during the post-sunset to post-midnight hours at the low-latitude and equatorial regions and give an indication that an SBAS would be severely affected in the region during those periods.
Conclusions
This paper investigates the signature of plasma irregularities on SBAS performance in the central-western African equatorial and low-latitude region. The main conclusions of the study are the following. (1) SBAS always performs better when the ionospheric plasma irregularities are less active: in solstice seasons, the performance of SBAS could be better during the geomagnetically quiet conditions compared with disturbed conditions, whereas in equinoctial seasons, SBAS may perform better during the geomagnetically disturbed conditions compared with quiet one. (2) Ionospheric plasma irregularities are reduced or inhibited more in disturbed con- ditions than in quiet conditions during equinoctial seasons. Also ionospheric plasma irregularities are reduced or inhibited more in geomagnetically quiet conditions than disturbed conditions during solstitial seasons. (3) Plasma irregularities contribute greatly to the nighttime degradation of the SBAS performance in the African equatorial and low-latitude regions and during equinoctial periods; 62.5 % of nighttime degradation could be associated with ionospheric plasma irregularities over the region. (4) In the absence of plasma irregularities, the SBAS service level of 99.9 % of the time availability for both critical safety operation (APV-1) and open service could be obtained in the western African equatorial and low-latitude region if proper tuning of the present EGNOS algorithm were considered.
Though the statistics are so limited in a way due to the few days used, more statistics could establish and affirm the proposition that inhibition is related to the phenomenon of geomagnetically disturbed conditions. However, the results obtained seem to provide convincing evidence that the ionospheric irregularity inhibition is more of disturbed conditions during the equinoctial seasons. Also the presence of plasma irregularities reduces the number of satellites in view; this leads to the increase of the positional dilution of precision and consequentially degrades the optimum performance of SBAS in low-latitude regions. More work could still be done using GNSS multi-constellations to access the potential improvement on the SBAS performance in the region during the presence of ionospheric plasma irregularities to consolidate the results obtained. The data used for this work are obtained from the publicly available ground-based GNSS stations of International GNSS Services network (https://igscb.jpl.nasa.gov/ network/netindex.html), AFREF (http://www.afrefdata.org), NIGNET (www.nignet.net) and SONEL (http://www.sonel. org/-GPS-.html?lang=en).
